This document is made available in accordance with publisher policies. Please cite only the published version using the reference above. Full terms of use are available: http://www.bristol.ac.uk/pure/about/ebr-terms [4] [5] [6] [7] Much of this effort has focused on the reaction centre (RC) complex from purple photosynthetic bacteria [8] and the larger RC-LH1 complex that is assembled between this RC and the so-called LH1 light-harvesting protein [9] (see Figure S1 in the Supporting Information). This RC facilitates a multistep charge separation between a pair of bacteriochlorophylls (P) and a quinone electron acceptor (Q B ) with a very high quantum efficiency [8, 10, 11] (Figure 1a ; Figure S1 , Supporting Information). Photocurrents from these proteins have typically been studied in open, three-electrode cells incorporating a protein-coated working electrode immersed in a buffer containing a mobile, small molecule electrolyte. [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] Two-electrode sealed liquid cells with one or more mobile mediators have also been constructed. [23] [24] [25] Proteins are typically adhered to the working electrode by drop casting or adsorption from solution, although electrospraying [20] and laser-induced forward transfer [26] have also been explored. Photocurrents from such devices frequently show an initial spike of "peak current" that decays over seconds or minutes to Exploitation of natural photovoltaic reaction center pigment proteins in biohybrid architectures for solar energy harvesting is attractive due to their global abundance, environmental compatibility, and near-unity quantum efficiencies. However, it is challenging to achieve high photocurrents in a device setup due to limitations imposed by low light absorbance by protein monolayers and/ or slow long-range diffusion of liquid-phase charge carriers. In an attempt to enhance the photocurrent density achievable by pigment proteins, here, an alternative solid-state device architecture enabled by a mechanoresponsive gel electrolyte that can be applied under nondenaturing conditions is demonstrated. The phase-changing electrolyte gel provides a pervading biocompatible interface for charge conduction through highly absorbing protein multilayers that are fabricated in a simple fashion. Assembled devices exhibit enhanced current stability and a maximal photoresponse of ≈860 µA cm −2 , a fivefold improvement over the best previous comparable devices under standard illumination conditions. Photocurrent generation is enhanced by directional energy transfer through extended layers of light-harvesting complexes, mimick ing the modular antenna/transducer architecture of natural photosystems, and by metastable radical pair formation when photovoltaic reaction centers are embedded throughout light-harvesting regions of the device.
a significantly lower, steady-state output. [13, 16, 17, [19] [20] [21] [23] [24] [25] Proposals that this decline is due to limitations imposed by slow mediator diffusion [17, 27, 28] have been corroborated by measurements with a rotating disk working electrode to provide mixing. [19] Effective electrical connection of these proteins to both the working and counter electrodes often requires the assembly of mediator-accessible protein monolayers at the surface of the working electrode, resulting in relatively low absorption of actinic light. Photocurrent densities achieved with RC and RC-LH1 complexes have typically occupied the range from a few nA cm −2 to several tens of µA cm −2 with, as discussed below, a couple of reports of higher currents. [19, 29] Progression from liquid-to solid-state device architectures could create new opportunities for enhancement of photocurrent output and elimination of photocurrent decline due to diffusional limitations. However, interfacing proteins with suitable conductive materials presents considerable challenges as this often requires one or more coating steps involving elevated temperatures or high-velocity deposition. As an example, three thermal evaporation steps were used to deposit electron acceptor materials on the protein layer in the only solid-state RC photobioelectrochemical device described to date. [29] Given the sensitivity of pigment proteins to thermal or mechanical stress, it is important to develop fabrication processes for interfacing conductive materials with proteins under nondenaturing conditions. Similar concerns affect a wider range of synthetic lightharvesting materials that exhibit sensitivity to stress conditions such as elevated temperature. Furthermore, the use of protein multilayers to achieve high absorbance raises the question of how proteins in different layers can be electrically connected to both electrodes. One approach to increasing absorbance is to use nanostructured electrode materials in combination with a diffusible mediator [19, 30] or entrapment in a redox hydrogel, [31] but such nanostructuring to achieve an increased electrode surface area adds complexity to cell fabrication procedures.
In this work, we manufactured a range of new solid-state photobioelectrochemical cells based on multilayers of an engineered variant of the Rhodobacter (Rba.) sphaeroides RC-LH1 complex or its component LH1 and RC pigment proteins (see Section 3 of the Supporting Information). Employing a similar RC-LH1 complex, a photocurrent of ≈160 µA cm −2 was recently obtained when the protein was drop-casted onto a nanostructured rough-silver electrode in a three-electrode liquid cell employing a rotating disk electrode. [19] This was comparable to a photocurrent density of ≈120 µA cm −2 achieved by an RC solid state device exposed to extremely strong (10 W cm −2 ) monochromatic excitation. [29] The photobioelectrochemical cells described here were designed with a view to improve the steady-state photocurrent output achievable under standard illumination conditions by eliminating limitations imposed by slow mediator diffusion, while also enhancing light absorption through a multilayer architecture that can be fabricated under entirely benign conditions using planar electrode materials and simple deposition procedures.
Our new design for a solid-state, two electrode RC-LH1 cells combined, for the first time, a gel-state interface between electrodes, a permeating disulfide-thiolate (T 2 /T − ) electron carrier and spin-coated multilayers of protein (see the Experimental Section in the Supporting Information). A variety of cell architectures were explored to address the question of whether, in a man-made 3D photosystem, light-harvesting and chargeseparating functions work best when combined in all layers in the device or when confined to separate layers. Investigation of the latter included placing separately purified LH1 and RC a) The Rba. sphaeroides RC-LH1 complex (inset) comprises a central RC (solid object) surrounded by a cylindrical LH1 protein (ribbons). Energy absorbed by the LH1 bacteriochlorophylls (ring of alternating red and orange spheres) and carotenoids (not shown) flows by resonance transfer (red arrows) to the P bacteriochlorophyll pair of the RC (sticks, yellow carbons), initiating charge separation (green arrows) to H A (sticks, pink carbons), Q A , and Q B (sticks, cyan carbons) (see Figure S1 and Section 3 of the Supporting Information for more details). b) In natural photosystems, light energy harvested by an extended antenna pigment-protein system is concentrated by directional energy transfer onto a smaller number of photovoltaic reaction center pigment proteins, where energy is trapped through charge separation. In the present study, this is mimicked in 3D by coating a base layer of RC-LH1 proteins with multilayers of LH1 antenna proteins (not drawn to scale). This demonstrates the possibility of expansive collection of photons by extended layers of light-harvesting antennae that concentrate the excitonic energy to a smaller number of energy traps, which is analogous to the mechanism of a satellite dish that collects weak signals from a wide space and concentrates them on a sensor at a focal point. c) To achieve device fabrication, the gel-phase succinonitrile/T 2 /T − electrolyte was liquefied by sonication and applied to one or more protein multilayers that had been spin coated on the working electrode (see Video S1 in the Supporting Information for a demonstration of the gel-liquid-gel transition at room temperature). During the subsequent resting period, the electrolyte soaked into the protein coating after which the counter electrode was placed on the gel surface and the cell sealed with epoxy resin. Individual complexes are expected to be oriented randomly throughout the protein film. Spin coating can be used to lay down complex architectures, such as that illustrated where a base coating of RC-LH1 complexes (bottom layer) is overlaid with upper coatings of LH1 complexes (three upper layers).
proteins in different layers to mimic natural 2D photosystems in which specialized light-harvesting proteins (the antenna) pass harvested excited state energy to a smaller number of photovoltaic RC proteins (the transducers) through directional energy transfer (Figure 1b) . We also used "fast-recombining" RC and RC-LH1 complexes that, due to a single amino acid change (AM260W), assemble without a ubiquinone at the Q A electron acceptor site in the RC [32] (Figure S1 , Supporting Information). In AM260W RCs, the recombination lifetime of the final product of charge separation (P + H A − , ≈17 ns [33] ) is eight orders of magnitude shorter than that in the native RC (P + Q B − , ≈1-2 s), but the absorbance spectrum and gross structure of the RC or RC-LH1 complex are not affected.
Proteins in the multilayers were connected to the electrodes using a conductive interface based on succinonitrile (NCCH 2 CH 2 CN), a highly polar organic plastic crystalline material that, due to lattice defects and rotational vacancies, can provide a nonconducting matrix for a conducting salt. [34] This matrix was suffused by an equimolar mixture of the N-tetramethylammonium ( + NMe 4 ) salt of 5-mercapto-1-methyltetrazole (T − ) and di-5-(1-methyltetrazole) disulfide (T 2 ), [35, 36] producing a plastic gel-phase material with a high ionic and molecular diffusivity. [37] While gels are typically liquefied by heating, crucially for work with labile pigment proteins, we have discovered that this material undergoes a reversible gel-to-liquid transition under mechanical vibration. As sonication did not produce significant heating of the succinonitrile/electrolyte mix, this provided a means of permeating layers of photo active protein with the electrolyte matrix at room temperature ( Figure 1c ). The first set of working electrodes was fabricated by depositing multilayers of RC-LH1 protein onto a conductive fluorine-doped tin oxide (FTO) glass substrate through up to 20 cycles of spin coating and partial drying (Figure 3a) . Achieving an optimal coverage of protein on the 1 cm 2 substrate required use of a protein stock solution at a concentration of around 150 × 10 −6 m (600 absorbance units at 875 nm); at this concentration, the protein solution (in a 20 × 10 −3 m Tris (pH 8.0)/0.04% n-dodecyl β-d-maltopyranoside buffer) was very viscous but could still be pipetted. The most consistent coverage was achieved with a twostage spin cycle and a 4-min period of partial drying between coats (see the Experimental Section in the Supporting Information), and it was possible to deposit up to 20 coats before adding further layers became impracticable. The use of spin-coating freed-up selection of the material for the working electrode, as no functionalization or direct binding interactions were needed to attach proteins. In addition, as described below, it enabled the controlled deposition of successive multilayers made up from different proteins. Atomic force microscopy (AFM) of an RC-LH1 multilayer deposited by a single cycle of spin coating revealed an upper surface comprising particles with dimensions and spacings consistent with closely packed RC-LH1 complexes (Figure 3b ; see Figure S3 in the Supporting Information for a sample topogram). The lack of a regular topology from one particle to another suggested a random orientation of individual proteins within the film. Absorbance spectra showed that the amount of protein adhering after the first coating was greater than after subsequent coatings (Figure 3c ). Beyond 10 cycles, the measured absorbance spectrum became distorted due to the thickness of the protein multilayer and contributions from light scattering (Figure 3c ).
Profilometry showed that the thickness of the deposited protein multilayer increased from ≈4 µm for a single coating to ≈45 µm for 20 coatings ( Figure S4 , Supporting Information). Assuming that an individual RC-LH1 complex in its detergent micelle has a mean diameter of around 15 nm, consistent with the particle separation in the image in Figure 3b and atomiclevel structural information on RC-LH1 complexes, these thicknesses would be consistent with multilayers comprising 267 and 3000 protein molecules, respectively. The thickness of protein film deposited by spin coating showed very good reproducibility ( Figures S4 and S5 , Supporting Information), enabling comparisons across multiple cells and investigation of the relative merits of equivalent loadings of RC-LH1 and LH1 proteins as light-harvesting materials. Importantly, the absorbance spectra of deposited proteins did not vary significantly in line shape from that in solution, demonstrating that the pigment proteins had not been damaged by spin-coating and subsequent treatments.
Cells for photochronoamperometry were constructed by drop casting 10 µL of sonicated, liquid-phase electrolyte onto a proteincoated FTO-glass electrode (Figure 1c) . After allowing the liquid electrolyte to spread across the entire protein area and soak into the protein coating, the Ti-coated back electrode was brought into contact with the electrolyte layer and the cell was sealed with epoxy resin. This resulted in only a very thin layer of gel phase electrolyte connecting the protein multilayer to the counter electrode, the aim being to facilitate a high ion flux and current density.
Photochronoamperometry revealed that the photocurrent density in response to one sun illumination increased as the concentrations of T 2 /T − increased in cells fabricated with a single coating of RC-LH1 complexes (Figure 4a) . All subsequent experiments were therefore performed with 0.8 m electrolyte, which had the lowest viscosity and highest charge flux (Figure 2d) . The photocurrent density increased as the amount of deposited RC-LH1 protein increased (Figure 4b ), up to an average of 780 µA cm −2 for an electrode fabricated by 20 cycles of spin coating; the highest output achieved with an individual cell of this type was 860 µA cm −2 (Figure 4b) . Cells yielded only a negligible photocurrent of 0.5 µA cm −2 without the protein coating (Figure 4b) , demonstrating that the RC-LH1 complexes were the source of the substantial photocurrent. With greater than one cycle of spin coating, the photocurrent density was linearly proportional to the measured thickness of the RC-LH1 multilayer (Figure 4c ).
An action spectrum of external quantum efficiency (EQE) versus excitation wavelength for an RC-LH1 cell formed from 20 cycles of spin coating was compared to the solution RC-LH1 spectrum (Figure 4d) . A peak EQE of ≈13% was observed attributable to the characteristic LH1 absorbance. In the nearinfrared, the absorbance spectrum principally comprises a prominent band centered at 875 nm attributable to 16 LH1 bacteriochlorophylls and two RC bacteriochlorophylls and a lower band at 805 nm attributable to two RC bacteriochlorophylls. In the action spectrum, the relative contribution of the (mainly) LH1-specific band was strongly reduced relative to the shorter wavelength RC-specific band. This underrepresentation of LH1 to an action spectrum of photocurrent generation has been seen previously [13] and interpreted as showing that the photocurrent output is limited by electron transfer in the cell rather than light harvesting by LH1 (see Section 4 in the Supporting Information for a discussion). Action spectra recorded for RC-LH1 cell fabricated by a single cycle of spin coating also showed this phenomenon ( Figure S6 , Supporting Information), confirming that it was not due to self-shading by LH1 pigments in the thicker protein multilayers.
Regarding the mechanism of photocurrent generation, the observed anodic photocurrent implied that photoexcitation of the pigment-protein coating produced electron donation to the FTO-glass working electrode from a sufficiently reducing excited or anion state ( Figure 5 , cyan and blue arrows), with rereduction by the Ti counter electrode of the resulting oxidized pigment(s), most probably P + (Figure 5, gold) . As the vacuum potential of T 2 /T − ( Figure 5 , yellow) was much deeper than that of FTO-glass or Ti, we conclude that the T 2 /T − facilitated electron transfer from the counter electrode to the photooxidized species in the protein coating ( Figure 5 , magenta arrows). One expectation is that the ease of penetration of the 0.8 m electrolyte should be greater than that of lower concentrations as its liquid-state viscosity is the closest to that of water at room temperature (Figure 2c ), and this may have contributed to the higher current seen with 0.8 m T 2 /T − compared to other concentrations. Given the similarity in vacuum potential of FTO-glass and Ti ( Figure 5 ), a prediction is that cells of a reverse electrode configuration should be functional. This was the case, a photo current of −270 µA cm −2 being obtained when RC-LH1 complexes were spin coated onto a Ti back electrode (single round) and FTO-glass was used as the counter electrode ( Figure S7 , Supporting Information). This was almost identical, but with reverse polarity, to the average of 287 µA cm −2 obtained for an equivalent cell with a single coating of RC-LH1 complexes on FTO-glass.
The modular nature of the Rba. sphaeroides photosystem was exploited to investigate the mechanism of charge injection into the working electrode, by comparing the average current from a single coating of purified RCs, or a single coating of purified LH1 light-harvesting pigment proteins, with the 287 µA cm −2 obtained from a single coating of the combined RC-LH1 complex. An average current of 74 µA cm −2 was obtained with LH1 (Figure 4e ), demonstrating that some charge injection can happen directly through an LH1 excited state (LH1*) acting as a sensitizer ( Figure 5 , blue arrow), as this protein does not itself carry out charge separation. The mechanism would be equivalent to that proposed to operate in TiO 2 -based solar cells employing light-harvesting proteins as the photosensitizer. [38] [39] [40] A strongly oxidising LH1 cation will result that can be rereduced, in the present case, by the permeating T 2 /T − electrolyte.
Cells with a single coating of purified RCs gave an average current of 175 µA cm −2 (Figure 4e ). This demonstrated that electron injection must also be able to occur from an RC excited or anion state ( Figure 5, cyan arrows) . As the lowest-energy RC excited state (P*) has a lifetime of only 3-5 ps, it seems more likely that this state was one or more of the multiple anions produced, sequentially, during charge separation within the RC ( Figure 5, green arrows) . The identity of this anion was explored further using fast-recombining RCs, as discussed in Section 5 of the Supporting Information.
Although either RCs or LH1 proteins could individually drive a photocurrent, the strongest output was obtained using the combined RC-LH1 complex. Data from more strongly pigmented, multicoating cells showed that although LH1 and RC-LH1 complexes have similar absorbance spectra, the latter was still much more effective at generating a photocurrent. Cells fabricated with either one or ten coatings of LH1 produced currents of 74 and 114 µA cm −2 , respectively, while cells fabricated with either one or ten coatings of RC-LH1 produced currents of 287 and 603 µA cm −2 , respectively (Table S1 , Supporting Information). This was despite similar in light-harvesting capacities, as judged by the intensity of the LH1 absorbance band at 875 nm.
The mechanism of photocurrent generation by multilayers of photosynthetic protein is a little explored and poorly Figure 1a for the spatial arrangement of these cofactors and Section 3 of the Supporting Information for a more detailed description). At each stage, rapid forward electron transfer (green arrows) outcompetes slow radical pair recombination (gray dashed arrows). The mechanism of multistep charge separation and associated lifetimes for separation and recombination events has been reviewed. [8, 10, 11] Reduction of P + mediated by the electrolyte (red arrows) would isolate a long-lived anion state, most probably Q B − in wild-type RCs and H A − in fast-recombining AM260W RCs. The cyan and blue arrows indicate possible processes for reduction of the working electrode by RCs or LH1 complexes, respectively, some or all of which can operate depending on which protein complex makes up the base coating of the device.
understood area, but is likely to involve energy transfer between protein layers. To clarify how different layers supported photocurrent generation in multilayer cells, four coatings of LH1 complexes were deposited over a single base coating of either RC-LH1 or RC complexes. Average photocurrents were 453 and 428 µA cm −2 , respectively (Figure 4e ; Table S1 , Supporting Information), much higher than the 287/175 µA cm −2 that could be obtained with just a single base coating of RC-LH1 or RC complexes. This strongly suggested that the additional LH1 coatings play a light-harvesting function, passing excited state energy to the base coating to power electrode reduction.
These current enhancements supported the proposal that the photochemical process that produced the current was electron injection into the working FTO-glass electrode from the adjacent base coating of protein, followed by reduction of the photo oxidised protein by the permeating T 2 /T − electrolyte. The alternative mechanism, reduction of photoexcited bacteriochloro phylls at the protein-electrolyte interface, would be expected to produce strongly reducing LH1 bacteriochlorophyll anions. It is unlikely that subsequent migration of electrons through multilayers of LH1 protein to the working electrode would be efficient in the absence of suitable mediators.
An interesting finding was that the average current of 468 µA cm −2 obtained by overlaying a single base coating of RC-LH1 complexes with four further RC-LH1 coatings was almost identical to the 453 µA cm −2 achieved using four additional coatings of LH1 protein (Figure 4e ). The implication is that having additional charge-separating RCs in the upper coatings did not waste harvested energy. This was intriguing, as a feature of natural photosystems that supports their high quantum efficiencies is that unproductive charge separation is avoided in the extensive light-harvesting regions of the photo system, being limited to a small number of specialist RC proteins where charge separation is electrically connected to an external proton-motive electron transfer chain to achieve energy conservation.
Two possible explanations could be put forward for this apparent lack of energy wastage. The first, which seems unlikely, is that the rate of LH1 → LH1 energy transfer between adjacent RC-LH1 complexes in the upper coatings of the cell is much faster than the rate of LH1 → RC energy transfer (trapping) within individual RC-LH1 complexes (lifetime of around 50 ps), and so wasteful charge separation in the upper coatings is not competitive with productive energy migration through hundreds or thousands of LH1 antenna proteins. The second is that charge separation takes place in the upper layers but is not wasteful, instead making a positive contribution to the photocurrent through the creation of metastable radical pairs throughout the bulk of the device, such that any decrease in light-harvesting efficiency due to trapping is compensated for.
To investigate this point further, cells were fabricated in which a base coating of RC-LH1 complexes was overlaid with four coatings of fast-recombining AM260W RC-LH1 complexes. The resulting average photocurrent was 317 µA cm −2 , substantially lower than the 468 µA cm −2 obtained with four additional coatings of normal RC-LH1 or the 453 µA cm −2 obtained with four additional coatings of LH1 protein (Figure 4e ). We attribute this to the ≈17 ns charge-separated state formed in the AM260W RCs being less effective in supporting charge conduction through the bulk of the protein multilayer than the 10 8 longer-lived charge-separated state formed in the native RC.
We also examined the impact of charge separation taking place throughout the bulk of a protein multilayer by fabricating cells with either one or five coatings of RCs. Average currents were 175 and 304 µA cm −2 , respectively ( Figure 4e ). As RCs have evolved to trap excitation energy through highly efficient ultrafast charge separation, it is likely that the current enhancement on adding more RCs was due to charge separation in the upper coatings and RC to RC electron transfer, rather than a light-harvesting effect involving inter-RC energy transfer. As discussed in Section 6 of the Supporting Information, experiments with multilayer cells fabricated from fast-recombining AM260W RCs supported this interpretation. Reducing the lifetime of the longest-lived RC radical pair by eight orders of magnitude substantially reduced the photocurrents that were produced from RC multilayers.
Finally, in addition to enabling very stable photocurrent densities during short periods continuous illumination (Figure 4a,b) , studies with sealed and dummy cells suggested that the long-term stability of the RC-LH1 complex was enhanced by embedding it in the succinonitrile/T 2 /T − gel. A dummy transparent RC-LH1/T 2 /T − cell employing two FTOglass electrodes showed 39% drop in absorbance at 875 nm over 28 d of storage at room temperature and a continuous ambient illumination of ≈2 W m −2 , indicating slow degradation of the LH1 pigment protein (Figure 4f ; Figure S8a , Supporting Information). In good agreement with this, the photocurrent obtained from an equivalent cell with a Ti counter electrode showed a 27% decrease in current density (Figure 4f ). For a spin coated RC-LH1 film on FTO-glass not incorporated into a cell with electrolyte, the 875 nm absorbance dropped by 73% over the same period (Figure 4f ; Figure S8b , Supporting Information), suggesting a protective effect of the gel electrolyte.
In conclusion, the protein-based photobioelectrochemical cells described above combined a number of innovations in cell design, fabrication and materials that produced a maximum fivefold improvement in photocurrent amplitude compared to the highest previously reported current from a comparable device. [19] Our previous research with this particular RC-LH1 complex in liquid state photoelectrochemical cells with diffusible electrolytes produced steady-state photocurrents ranging between 0.15 and 8 µA cm −2 [23, 24, 41, 42] and we attribute the maximally two orders of magnitude increase in current density seen in the present work to a combination of the dense protein multilayers achievable with spin coating and the charge conduction enabled by a high concentration of permeating gel phase electrolyte. Spin coating also facilitated controlled deposition on unfunctionalised electrodes of multiple multilayers of different types of photosynthetic protein, making possible exploration of photocurrent mechanism and evaluation of strategies for maximizing output. The architecture of some devices followed natural principles in which a limited number of photovoltaic centers are fed with excited-state energy by a larger light-harvesting system, but we also revealed that metastable charge separation throughout all layers can bring about current enhancements. The succinonitrile/T 2 /T − electrolyte material removes commonly observed diffusive restrictions on the steady-state photocurrent density and, due to its vibration-induced phase transition, could be combined with labile biological materials in a simple way without inducing protein damage. In broader terms, this methodology could provide a means of interfacing an ionic electrolyte with any photoactive species that cannot tolerate exposure to the harsh conditions often required for device fabrication.
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